ADDITIONAL INDEX WORDS. Arecaceae, embryo, imbibition, morpho-physiological, operculum, stratification SUMMARY. Delayed and inconsistent seed germination often hampers commercial production of palms (Arecaceae). Such sporadic germination is commonly due to seed dormancy. Mature, freshly shed seeds of palms typically display a combination of underdeveloped embryos (morphological dormancy) and the inability of developing embryos to rupture covering structures (physiological dormancy). Fruit and seedcoats are capable of imbibing water. Therefore, dormancy due to waterimpermeable fruit or seedcoats (physical dormancy) does not occur. Removal of embryo covering structures, such as the pericarp and operculum, followed by incubation under moist, warm (25-35°C) conditions promotes rapid and complete germination. Complete burial in soil promotes germination of seeds in intact fruit of loulu palm (Pritchardia remota).
Classes of seed dormancy
From a functional perspective, seed dormancy is a trait that prevents germination when conditions are suitable for germination but not for seedling establishment (Fenner and Thompson, 2005) , for example, in a sudden warm period during an otherwise cold winter with frequent freezes. Baskin and Baskin (2004) consider seeds to be dormant if freshly matured, viable seeds do not germinate in about 4 weeks over a range of environmental conditions. Moreover, five classes of dormancy have been proposed. These include: physical, physiological, morphological, morpho-physiological, and combinational Baskin, 2001, 2004; Fenner and Thompson, 2005) .
According to Baskin and Baskin (2001) , seeds with physical dormancy possess fruit coats (pericarps) or seedcoats (testa) that are water impermeable. The nature of the impermeability may be due to multiple layers of tightly spaced, thickwalled cells in the pericarp and testa, the presence of waxes, lignins, and pectins, or a combination of these factors. Seeds with physiological dormancy possess embryos that cannot generate sufficient force to rupture embryo-covering structures, such as endosperm, testa, or pericarps. Mature seeds with underdeveloped embryos that need more time to grow before germination can occur are morphologically dormant. Finally, seeds may possess combinations of dormancy. For example, some seeds possess morphological and physiological (morpho-physiological) or physical and physiological (combinational) dormancy. Physiological and morpho-physiological dormancy can be broken down further into different levels of dormancy, which are based on requirements for dormancy alleviation Baskin, 2001, 2004) .
Palm fruit and seed morphology
Generally, palm fruit consist of three layers, collectively referred to as the pericarp (Uhl and Dransfield, 1987) . The exocarp, or outer covering, is usually smooth, although the exocarp of some species may possess hairs, warts, or prickles. The mesocarp is usually fleshy or fibrous and may be dry at fruit shedding. The inner fruit layer, or endocarp, is very thick and woody in most species. Fruit typically consist of one large seed enclosed within the endocarp (Uhl and Dransfield, 1987) . Palm seeds may possess a relatively thick endocarp and testa ( Figs. 1 and 2) . A germination lid, or operculum, may be observed on the testa or endocarp of some species. The small, usually cylindrical embryo is found under the operculum (Fig. 3) . For the most part, palm seeds are shed with considerable amounts of hard endosperm (Uhl and Dransfield, 1987) .
Seed dormancy in palms
Although seeds of a few palm species such as areca palm (Chrysalidocarpus lutescens), sabal palm (Sabal palmetto), washington palm (Washingtonia robusta), and date palm (Phoenix dactylifera) complete germination in 28 d or less (Broschat and Donselman, 1986; Broschat and Meerow, 2000; Brown, 1976; Loomis, 1958; von Fintel et al., 2004; Wagner, 1982) the majority of species germinate slowly. For example, germination commenced about 5 weeks after sowing and continued sporadically over the next 17 weeks in fruit of loulu palm (Pritchardia remota) (Pérez et al., 2008) . Koebernik (1971) lists 126 species that completed germination more than 100 d after sowing. Likewise, Tomlinson (1990) estimated that 25% or more of all palm species required more than 100 d to germinate. Finally, Orozco-Segovia et al. (2003) reported that many palms began germinating about 17 weeks after shedding, suggesting that a period of dormancy may be present. It is often assumed that the thick endocarp and testa of many palms are impermeable to water (OrozcoSegovia et al., 2003) . For example, Moussa et al. (1998) suggested that the thick pericarps of doum palm (Hyphaene thebaica) are water impermeable. Yet, these authors provided no evidence that imbibition is blocked due to the pericarp. On the contrary, imbibition may occur in palm seeds, albeit relatively slowly (Ehara et al., 2001; Robertson and Small, 1977; Wood and Pritchard, 2003) or rapidly (Brown, 1976) , suggesting that the pericarp or testa are permeable. Pérez et al. (2008) demonstrated that endocarps, seeds, and embryos of loulu palm (P. remota) become hydrated to similar levels whether endocarp or testa are mechanically abraded or not. Imbibition occurred, but at a slow rate in all treatments. Moreover, endocarp and testa anatomy in various palms species did not resemble the anatomy typically found in seeds of nonpalm species with water-impermeable coats (Baskin and Baskin, 2001; Pérez et al., 2008) . Therefore, physical and combinational (physical + physiological) dormancy are not present in palm seeds (Baskin and Baskin, 2001) .
A distinguishing feature of some palm seeds is their small, late-maturing embryo (Uhl and Dransfield, 1987) . These underdeveloped embryos require further growth outside of the seed and endocarp before germination is complete; hence, they are considered morphologically dormant (Baskin and Baskin, 2004) . Analysis of data presented by Wood and Pritchard (2003) showed that embryos of bottle palm (Hyophorbe lagenicaulis) are 10.3% the length of seeds at fruit shedding. Furthermore, the cotyledonary stalk, which contains the shoot and root meristems, must continue growing past the testa before radicle protrusion occurs. The small embryos of loulu palm (P. remota) are about 4.0 mm in length or about 30% the length of seeds at shedding. To break through the testa and eventually produce a radicle, the embryos must grow about 1.5 and 3.0 times their initial length, respectively (Pérez et al., 2008) . Continued embryo growth before radicle protrusion has been documented for palms such as the spineless sago palm (Metroxylon sagu) (Ehara et al., 1998) , common bertam palm (Eugeissona tristis) (Fong, 1978) , another species of loulu palm (Pritchardia kaalae) (Hodel, 1977) , and african oil palm (Elaeis guineensis) (Hussey, 1958) . Restriction of embryo growth is considered to be one cause of physiological dormancy (Baskin and Baskin, 2001) . Growth restriction may be the result of embryo-covering structures such as opercula (germination lid on the testa or endocarp), endosperm, testa, and endocarp. Opercula provide mechanical resistance to embryo elongation in african oil palm (Hussey, 1958) . In de-operculated seeds, embryos commenced elongation after 4 d at 30°C. However, intact seeds failed to germinate for 6 months. Similarly, embryo elongation in needle palm (Rhapidophyllum hystrix) was controlled by the operculum (Carpenter and Cornell, 1993) . Furthermore, pericarps may mechanically restrict growth of the embryo (Baskin and Baskin, 2001 ). Removal of the entire pericarp (Briceño and Maciel, 2004) or fleshy mesocarp (Broschat, 1998; Broschat and Donselman, 1986) significantly improved germination in a variety of palms.
Removing the pericarp of loulu palm (P. remota) and then incubating seeds under moist, warm (25-35°C) conditions, or warm stratification, alleviated dormancy and significantly promoted germination rate and percentage (Pérez et al., 2008) . For instance, the time taken for 50% of seeds to germinate ranged between 2 and 5 weeks, whereas intact fruit only germinated to about 20% over 22 weeks. Germination of intact fruit and seeds was restricted at 15°C. Furthermore, germination climbed to 84% after 7 d for loulu palm (P. remota) seeds without opercula. Over the same time period, intact seeds only germinated to about 8% (Pérez et al., 2008) . Germination speed and percentage improved in seeds of the european fan palm (Chamaerops humilis) when the exocarp and mesocarp were removed and the endocarp was weakened through scarification. Germination in this species occurred at constant 20 or 25°C, or alternating 15/25°C, but not at 15°C (Gonzá-lez-Benito et al., 2006) .
Seed dormancy is a common occurrence in palms from various origins (Baskin and Baskin, 2001; González-Benito et al., 2006; Orozco-Segovia et al., 2003) . Moreover, morphophysiological dormancy is the most common class of dormancy in Arecaceae (Baskin and Baskin, 2001; Pérez et al., 2008) . Using loulu palm (P. remota) as a model, it is concluded that physiological dormancy must be alleviated before morphological dormancy (Pérez et al., 2008) . As physiological dormancy is broken under warm, moist conditions the growth potential of the embryo increases and the embryo eventually dislodges the operculum and ruptures the endocarp. Once free of the endocarp, the embryo continues development and produces a radicle. This process can take in excess of 100 d for some palm species (Koebernik, 1971; OrozcoSegovia et al., 2003; Tomlinson, 1990) and may be attributed to slow imbibition, multiple restraint mechanisms, and underdevelopment of the embryo.
Alleviating dormancy and promoting germination
Seed dormancy, although widespread in the palm family and advantageous from an ecological perspective, can frustrate palm growers and enthusiasts. Waiting for seeds to germinate may add costs and inefficiencies to the production process. However, knowing the class of seed dormancy found in seeds can facilitate production and eliminate unnecessary treatments. Burying mature intact palm fruit in soil and then maintaining warm, moist conditions will produce some dormancy break and germination (Pérez et al., 2008) with little up front effort. Of course, this system requires more time and effort later in the production cycle as germination checks are frequently needed and nongerminated seeds must be reburied. Because most palms will possess morpho-physiological dormancy, the removal of embryo-covering structures will promote germination rate and percentage. To enhance germination, the fleshy mesocarp and/or endocarp should be removed (Pérez, 2005) and seeds should be warm stratified (incubation at 25-35°C in moist media) for about 4 weeks. Germination can be enhanced further through removal of the operculum if present. If the operculum is removed, then seeds should be dusted with thiophanate-methyl fungicide before warm stratification (Pérez et al., 2008) . Germination checks should be conducted regularly for warm-stratified seeds and any seedlings should be potted up and then acclimatized to higher light levels if necessary.
